Abstract. The first oral cholera vaccine (OCV) campaign, since its prequalification by the World Health Organization, in response to an ongoing cholera epidemic (reactive vaccination) was successfully conducted in a poor urban slum of approximately 70,000 inhabitants in Port-au-Prince, Haiti, in 2012. Vaccine coverage was 75% of the target population. This report documents the impact of OCV in reducing the number of culture-confirmed cases of cholera admitted to the Groupe Haïtien d'Etude du Sarcome de Kaposi et des Infections Opportunistes (GHESKIO) cholera treatment center from that community in the 37 months postvaccination (April 2012-April 30, 2015. Of 1,788 patients with cultureconfirmed cholera, 1,770 (99%) were either from outside the vaccine area (1,400 cases) or from the vaccinated community who had not received OCV (370 cases). Of the 388 people from the catchment area who developed culture-confirmed cholera, 370 occurred among the 17,643 people who had not been vaccinated (2.1%) and the remaining 18 occurred among the 52,357 people (0.034%) who had been vaccinated (P < 0.001), for an efficacy that approximates 97.5%. Despite not being designed as a randomized control trial, the very high efficacy is a strong evidence for the effectiveness of OCV as part of an integrated package for the control of cholera in outbreak settings.
INTRODUCTION
A cholera outbreak, caused by Vibrio cholerae O1 biotype El Tor, was recognized in the Caribbean nation of Haiti in October 2010, 1 10 months after a devastating earthquake destroyed public infrastructure and crippled government institutions. This was the first time cholera had been documented in Haiti, so the population was entirely naive. The first cases occurred in small villages along the Artibonite River and rapidly spread downstream along its tributaries. Within 1 month, cholera cases were documented across all 10 departments and at the end of 2010 Haiti reported more cases to the World Health Organization (WHO) than the rest of the world combined (187,377 versus 137,940). 2, 3 The epidemic began at a time of chaos, severely limited government capacity and a public health crisis with 1.5 million internally displaced people living in tents since the earthquake. In spite of this, the Haitian Ministry of Health (MOH) led a rapid response in collaboration with local nongovernmental institutions and international partners. Cholera treatment centers (CTCs) were established; medical personnel were trained; potable water, sanitation, and hygiene (WASH) practices were promoted; and use of antibiotics for moderate and severe cases was instituted, all quickly leading to a reduction in choleraassociated mortality from 4% to 1%. 4 However, by December 2011, the cholera epidemic continued with 537,384 cases and 7,018 deaths reported. 5 Seasonal peaks followed the rainy season associated with flooding and surface water contamination. 6, 7 Lack of sanitation and access to potable water are responsible for continued cholera outbreaks around the world. In 2012, the WHO estimated that 1.4 billion were at risk for cholera and that every year cholera accounts for 28,000-142,000 deaths worldwide. 8 The explosive nature of the Haiti outbreak was linked to the introduction of cholera in a naive population with severely limited access to safe drinking water and basic sanitation and the massive internal migration that followed the earthquake. 9 Establishment of adequate sanitation and potable water systems is ultimately critical for the effective containment of cholera. However, in a country where 40% of the population lives without access to clean water and only 17% have access to improved sanitation, the cost and time associated with WASH are enormous and efforts over the past 5 years have had limited success. The emergence of cholera in Haiti demanded looking at new immediate cholera control strategies. 10 The magnitude of the Haiti outbreak led to intense debate over the use of oral cholera vaccine (OCV) during an ongoing epidemic (reactive vaccination). [11] [12] [13] [14] From April to July 2012, Haiti conducted the first demonstration project using newly WHO-approved OCV in the face of an ongoing outbreak. Under the leadership of the Haitian MOH, vaccine was given in two sites: in urban slums of Port-au-Prince by the GHESKIO Centers and in the rural Artibonite valley by Partners in Health/Zamni Lasante (PIH). 15, 16 Overall 97,774 participants were vaccinated with the bivalent heat-inactivated OCV, Shanchol: 52,357 by GHESKIO and 45,417 by PIH, with 91% receiving the recommended two doses. This intervention demonstrated the feasibility of integrating OCV in a comprehensive control package. 15, 16 The operational success of the Haiti project was instrumental in OCV being endorsed by the WHO for use in endemic and epidemic settings, in creation of a 2 million dose vaccine stockpile, and in OCV being scaled up so that 1.4 million doses are being used annually. 5, 17, 18 Although confirmation was obtained on the feasibility of reactive vaccination as a control strategy, important research questions remained, including the field effectiveness of OCV, duration of protection, efficacy of one versus two doses, and impact of herd immunity. This article reports the positive impact through 37 months of OCV on the rate of cultureconfirmed cases of cholera and overall diarrheal illness admitted to the GHESKIO referral CTC serving the vaccinated urban population. with very poor access to basic hygiene, sanitation, and healthcare services even before the earthquake (Figure 1 ). The slums are built on fill and refuse, and houses are below sea level so that pit latrines are impractical. Running water is not available inside the slums, so must be purchased from outside the community. High rates of illiteracy and unemployment are markers of the extreme poverty there. In response to the cholera outbreak, GHESKIO, which had assumed responsibility for many health and community services in these slums since the earthquake, 19 developed a comprehensive model of prevention and care that included: 1) establishment of a CTC, 2) training medical and support personnel, 3) community sensitization and mobilization, 4) establishment of 15 oral rehydration points (ORPs) inside the slums, 5) promotion of hygiene, 6) water testing and chlorination of water vending points, 7) distribution of oral rehydration salts, 8) trash removal and street cleaning, 9) setting up a chlorine factory for increased chlorine distribution, and 10) distribution of Jerry cans to store water ( Figure 2 ).
METHODS
The MOH-GHESKIO urban OCV campaign was conducted over 6 months with an extensive prevaccination phase that included a door-to-door census of the community, establishment of an electronic database of the population, intense community sensitization and education, WASH promotion, and potable water distribution. Over 12 weeks, 52,357 individuals received one dose of Shanchol and 47,645 (91%) received the second dose. Postvaccination monitoring showed that OCV was well tolerated and accepted by the community, and vaccine coverage was estimated at 75% of the target population. GHESKIO continued to promote WASH practices, distribute chlorine, and encourage people to come for care at the GHESKIO CTC if they developed acute watery diarrhea. Patients with moderate to severe dehydration seen at ORPs within the community were referred to the CTC for continued care.
Study site. The GHESKIO CTC was the first to open in Haiti's West department and has remained fully operational 24 hours/day since the outset of the epidemic. Throughout the study period, it has served as the main referral center receiving patients from nearby communities and referred from other CTCs that closed during low seasons. It was the only CTC available in such close proximity (half a mile) to the vaccinated community ( Figure 1 ). All patients presenting with acute watery diarrhea were assessed and triaged by trained medical personnel who initiated prompt rehydration as per national guidelines. Patients with moderate or severe dehydration were immediately admitted to receive standard of care including oral and intravenous hydration, a single 300-mg dose of doxycycline for adults or erythromycin 12.5 mg/kg four times daily for 3 days for children and education on WASH practices at discharge to prevent further spread. Sociodemographic characteristics, previous use of antibiotics, duration of symptoms prior to presentation, degree of dehydration, and OCV status were gathered at admission for all patients. Paper records were later entered into an electronic database. OCV status was ascertained by presentation of the patient's cholera vaccination card and verified in the GHESKIO database. Stool specimens were collected on all patients with moderate or severe dehydration prior to administration of antibiotics. Systematic human immunodeficiency virus (HIV) counseling and testing was offered to all patients admitted. HIV-infected patients were referred for care at the HIV clinic on the same campus.
Laboratory procedures. Stools specimens were kept at 4°C during transport to the GHESKIO laboratory for culture. Specimens were inoculated in alkaline peptone water and plated on thiosulfate citrate bile sucrose media. Suspicious colonies were selected for further identification of V. cholerae on MacConkey or blood agar. Stool specimens were aliquoted into sterile vials, archived, and frozen at −80°C. Serum samples were tested as per national guidelines for HIV-1 antibodies with the Determine HIV1/2, Alere (rapid test), or Murex HIV 1.2.0 (enzyme-linked immunosorbent assay) with a confirmatory test done using Shangai Kehua HIV 1-2, BIO-ENGINEERING SARL (Shanghai, China).
Data collection and analysis. Data on all patients admitted during the study period were extracted from the electronic database. The primary outcome was the frequency of positive cholera culture in patients with moderate and severe diarrhea. We compared the prevalence of cholera between vaccinated and unvaccinated patients from the OCV intervention area and the unvaccinated areas. For comparison of means and medians, Student's t test and Wilcoxon rank sum test were used, respectively. All statistical tests were two sided with a P value of 0.05 for significance. Vaccine efficacy (VE) was estimated using the Orenstein formula. † Figure 3 shows the rate of culture-confirmed cholera among patients with acute diarrhea in Port-au-Prince. This data from the National Laboratory shows clearly that cholera is the driving force during the period of 2010-2014. In our CTC, 55% (1,788/3,255) of acute diarrhea was due to cholera ( Figure 4 ). There were no major differences in patient characteristics between the vaccinated and unvaccinated groups in regards to age (94% older than 5 years) and gender (49% female) (Table 1) .
Overall, the OCV catchment area had significantly less cases of acute watery diarrhea and less cholera compared with admissions from outside the vaccination area. Indeed, of the 3,255 admissions to the CTC, 2,582 (79%) were from outside the vaccinated area and 673 (21%) from the OCV catchment area (P < 0.001) (Figure 4 ). Most admissions from the vaccinated area (92%) had not received the vaccine (618/673) and only 18 of the 52,357 vaccine recipients (0.034%) had culture-confirmed cholera compared with 370 of the 17,643 unvaccinated (2.09%), P value < 0.001. Patients from outside the vaccine area comprised 78% of culture-confirmed cholera cases (1,400/1,788). Finally, severe dehydration at admission was only seen in those who had not received OCV, either from the catchment area or from outside, suggesting a protective effect of OCV on severity of illness.
HIV and diarrhea. Ninety-three percent of admissions (3,036) were screened for HIV and 197 (6.5%) confirmed positive (Table 1) . HIV was found in 67 of 1,277 (5.2%) cholera culture positive cases compared with 130 of 1,759 (7.4%) culture negative cases. None of the HIV-infected individuals with cholera had received OCV compared with four vaccinated HIV-infected patients with noncholera diarrhea. Due to small numbers, estimation of OCV protection in HIV was not possible.
Outcomes postvaccination. Two important things can be appreciated during the study period: first, all-cause watery diarrhea was significantly less in patients from the OCV catchment area compared with those from outside the vaccinated †Vaccine efficacy (VE) = (ARU − ARV)/ARU × 100 where ARU = attack rate in the unvaccinated population; ARV = attack rate in the vaccinated population. area, 673 versus 2,582, respectively (P value < 0.001). Second, in admissions from the OCV catchment area of 70,000 inhabitants, culture-confirmed cholera was significantly less frequent in vaccine recipients (18/52,357) compared with unvaccinated cases (370/17,643), P value < 0.001. Furthermore, cholera was more frequently confirmed in slums with lower OCV coverage ( Figure 6 and Table 2 ), further supporting the impact of OCV vaccination in areas with poor sanitary conditions. The overall VE against culture-confirmed cholera using Orenstein ‡ model 20 was estimated at 97.5% when compared with the unvaccinated population from the same area. Finally, though numbers are small, there were only 18 cases of cholera in patients with at least one dose of vaccine and 10 cases of cholera in those with two doses of vaccine.
DISCUSSION
This article documents a sustained impact over 3 years of the first reactive vaccination campaign conducted in urban slums of Haiti. Although not designed as a case-controlled study since Shanchol's efficacy has already been proven, [21] [22] [23] [24] this article reports on the strong field evidence of OCV efficacy when used in conjunction with other preventative measures.
Since its introduction in Haiti, cholera continues to be an important cause of acute watery diarrhea (Figure 3) . Data from Haiti's National Laboratory published in 2013 showed that 1,675 (62%) of 2,703 specimens collected within the 10 departments since 2010 were culture-confirmed cholera. 25 Furthermore, their passive surveillance data (unpublished) from 25 public and private sites (April 2012-December 2014) reported cholera in 61% of the 2,938 stools specimens received (Figure 4) .
The major decrease in admissions seen at the GHESKIO CTC after July 2012 coincided with two major interventionsthe introduction of OCV and the opening of the GHESKIO chlorine factory resulting in increased chlorine distribution in the slums. Although cholera continued to be documented in the vaccine catchment area, the vaccinated group had strikingly lower rates of cholera with an effect that continues up to 3 years after vaccination. No case of cholera has been documented in a vaccine recipient since September 2013 ( Figure 5 ). The synergistic effect of OCV plus WASH led to a dramatic reduction of not only cholera but also all-cause watery diarrhea in the vaccinees compared with those who were not vaccinated in the same area. Vaccine recipients were sensitized and even more receptive to the WASH interventions occurring in the slum during the vaccination campaign compared with their unvaccinated neighbors or conversely the same factors that led to avoidance of vaccination contributed to an increased risk of subsequent diarrhea.
Strengths. There are a number of strengths to the study, which allow an estimation of VE. Stool specimens were systematically collected and cultured prior to antibiotics on every admission with moderate to severe diarrhea. A door-to-door census had been conducted in the neighborhood prior to vaccination, so dwelling place was well documented both prior to vaccination and in presentation at the CTC. The proximity of the GHESKIO facility to the slums and closing of other CTCs in the area meant that patients from the vaccinated areas were highly likely to come to the GHESKIO CTC with illness. During the study period, it was the only operational CTC in the metropolitan area within 5 miles. Although cholera was waning, GHESKIO continued as the primary care center for all cases of acute diarrhea during the study. A specific V. cholerae microbiologic diagnosis could be made in 55% of admissions.
The high field effectiveness reported here is not unique as seen in a recent case-controlled study in Guinea that reported field effectiveness of OCV as high as 86% after two doses. 22 Our colleagues in the Artibonite valley have recently reported an estimated VE of 65% at their site using a casecontrol design. 26 Our study reports that only 18 cases of cholera occurred in the patients who had received at least one dose. Although a small group, this argues for effectiveness of even a single dose of vaccine.
Finally, the higher HIV prevalence in this study (6.5% versus 2.2% in the general population) is similar to the at-risk adult population presenting to GHESKIO's voluntary counseling and testing center. This suggests that patients presenting with acute watery diarrhea should be targeted for routine HIV screening in HIV-endemic countries.
Limitations. The efficacy of OCV having already been demonstrated before, 22 this study was not designed as a case-control study and thus is susceptible to bias and overestimation of VE. Our study was aimed at evaluating the larger impact of the vaccine on a highly vulnerable population. Potential biases include the impact of natural immunity to cholera, heterogeneity of risk for cholera within the catchment area, impact of migration, and passive surveillance for acute diarrhea cases. OCV was given to a population in which cholera had been circulating for 16 months already, so increasing natural immunity may have contributed to decline in cases. However, people from outside the OCV catchment area were also from marginalized areas of town, where the same conditions favoring cholera transmission prevail. Furthermore, people in the OCV catchment area who had received the vaccine live in the same conditions like those who were not vaccinated ( Figure 6 ). Although many in the OCV catchment area may have been immune from previous exposure to cholera, no differences in age or gender between the vaccinated and unvaccinated were identified and rates of cholera were actually higher in slums with lowest OCV coverage ( Table 2) . Although passive surveillance was used and people could have presented elsewhere for care, GHESKIO was the only operational CTC within a 5-mile radius and is well known and accepted by the vaccinated community. It is also probable that asymptomatic or mild cases did not present to the GHESKIO CTC and that we only captured the most severe cases that can lead to severe dehydration and death. Migration of population in and out of the slum may also impact the estimated herd immunity. In the most recent increase in cases seen in the September-October 2014 rainy season, all culture-confirmed cases of cholera from the vaccinated community were among unvaccinated individuals who had recently moved there. Finally, the impact of OCV may be hard to separate from the impact of other WASH interventions. However, despite the community sensitization, education, water distribution, and chlorination efforts by GHESKIO since the onset of the epidemic, cholera cases from the slums had continued with peaks roughly every 6 months. The integration of OCV in the arsenal of cholera control strategies was the final step.
CONCLUSION
The first ever use of OCV in urban and rural areas during an outbreak (reactive vaccination) since its prequalification by WHO proved to be feasible and now is shown to be highly effective. The combination of WASH and OCV is an effective model for the control of cholera even for the most at-risk populations. This study and the parallel study in the Artibonite valley supported and encouraged the Haitian MOH to integrate OCV in its national cholera control strategy, and 600,000 OCV doses have been administered since 2012 in two other campaigns in Haiti's North and Central departments. These findings support the integration of OCV in strategies for the global control of cholera. 27, 28 
